ABSTRACT: The lesser sandeel Ammodytes marinus is a critically important mid-trophic species in the North Sea ecosystem. Seabirds suffered widespread breeding failures in the North Sea in 2004, due to shortages of sandeels, their principal food. Industrial sandeel fisheries also failed in 2003 to 2005. Explaining why sandeels were in short supply is thus critical to understanding and managing the North Sea ecosystem. Sandeel abundance may be controlled 'bottom-up' by food availability or 'top-down' by predation, including fisheries. The relative importance of these 2 mechanisms may vary over space and time, and failure to take account of such variation may lead to inappropriate management. We summarise the available evidence for top-down or bottom-up control of sandeel abundance in 2 well-studied North Sea regions differing in many biotic and abiotic characteristics. In Shetland, recent low abundance of sandeels coincided with record-high abundance of herring, which may have exerted a top-down predation pressure on sandeels. Off SE Scotland, where adult herrings are scarce, abundance of sandeel larvae was positively correlated with plankton abundance, indicating bottom-up control. Seabird breeding failures in this area in 2004 were linked to extremely low energy content of sandeels. Large-scale sandeel fisheries have not been operating in either area since 2000. Control of food web structure and function in the North Sea is thus likely to be complex, with pronounced regional variation. Improved cooperation between diverse research organisations will be needed to understand this complexity, and future ecosystem-based management of marine bioresources will need to take the results of such research into account.
INTRODUCTION
Many marine pelagic ecosystems have a relatively simple structure, with energy flow going from phytoplankton primary producers, through zooplankton (often dominated by copepods) to pelagic schooling fishes, and finally to a variety of top predators including fishes, marine mammals and seabirds (Jennings et al. 2001) . The structure and function of such ecosystems may be regulated through 'bottom-up' effects, whereby the amount of primary production, often thought to be under nutrient and/or climatic control, determines the abundance at higher trophic levels, or through 'top-down' effects of predators, including human fisheries, on lower trophic levels (Cury et al. 2001 ; available at: ftp.fao.org/fi/document/reykjavik/ Default.htm). Recently, there has been strong interest in when and where each of these mechanisms is more important , Worm & Myers 2003 , Munch et al. 2005 , Scheffer et al. 2005 , Ware & Thomson 2005 , Halpern et al. 2006 . The dominant type of regulation in a specific ecosystem clearly has major implications for resource management and for inferring causes of observed changes in ecosystem components (Cury & Shannon 2004 , Hunt & McKinnell 2006 .
The North Sea is one of the most heavily fished regional seas in the world, and fisheries have undoubtedly had major impacts on ecosystem structure and function over several centuries. In heavily fished systems, trophic structure is simplified and food webs are shortened, probably leading to decreased resilience to environmental perturbations (Pauly & Maclean 2003) . Consistent with this hypothesis, rapid climate-driven changes have become apparent in recent years at all trophic levels in the North Sea (Edwards et al. 2002 , Beaugrand 2004 , Edwards & Richardson 2004 , Perry et al. 2005 , including top predators such as seabirds (Frederiksen et al. 2004 , Grosbois & Thompson 2005 . Most species of seabirds in the North Sea suffered widespread reproductive failures in . The most severe problems, including total failures of some species, occurred in Shetland and Orkney in the northernmost part of the North Sea, but in 2004 exceptionally low breeding success was also observed in colonies along the east coast of Britain . Although inclement weather during the chick-rearing period was partly to blame at some colonies (S. Wanless, M.P. Harris & M. Frederiksen pers. obs.) , the main proximate cause of the breeding failures was a lack of high-quality food, i.e. small pelagic fishes with a high lipid content (Davis et al. 2005 . Most seabirds in the North Sea feed predominantly on lesser sandeels Ammodytes marinus (hereafter sandeels) during the breeding season (Wanless et al. 1998 , Furness 2002 . Since the 1970s, sandeels have been the dominant mid-trophic pelagics in the North Sea, and around Shetland no other high-lipid prey fishes occur in sufficient densities to support successful breeding of most piscivorous seabirds (Johnston 1999 , Furness & Tasker 2000 . There is thus little doubt that the observed seabird breeding failures were linked to low availability of high-quality sandeel prey. Further evidence for the bad state of North Sea sandeel stocks comes from the large-scale industrial fishery: during the 1990s annual landings were 600 000 to 1 100 000 metric tons (t), but in 2003 and 2004 they fell to around 300 000 t , despite effort being maintained (ICES 2004 (Anonymous 2005) .
Recruitment to sandeel stocks in the southern North Sea has been shown to be negatively affected by high winter sea temperature (Arnott & Ruxton 2002) . Virtual population analysis (VPA) estimates show that sandeel recruitment was very low in 2002 to (ICES 2006 . It thus seems obvious to link the problems that sandeel stocks (and in consequence breeding seabirds) experienced in 2003 and 2004 to regional climate change, and such a connection has indeed been made and widely publicised (e.g. Royal Commission on Environmental Pollution 2004). However, there is as yet no published evidence to show that high sea temperatures were associated with the observed sandeel recruitment failures in 2002 to 2004, and the exact mechanism through which climate affects sandeel recruitment is also unclear. While climate-driven bottom-up control of sandeel abundance is a plausible scenario, other explanations are possible and should be considered. Specifically, a 'new' source of possible top-down control has reappeared in the North Sea since 2000. Herring Clupea harengus, which feed on sandeel larvae as well as zooplankton, have increased from a spawning stock biomass of less than 100 000 t in the late 1970s to 2 million t in 2004, a level not seen since they were reduced dramatically by overfishing in the 1960s (ICES 2005) . Could this increase in herring have had an impact on sandeels? It is also clear that even within the North Sea, a relatively homogeneous shelf sea, there is extensive regional variation in (e.g.) bathymetry, climate, hydrography, community composition at all trophic levels and fishing pressure. This regional variation is likely to affect the relative importance of top-down and bottom-up mechanisms. Here, we summarise evidence for how food abundance, predation and fisheries have affected sandeel abundance in the North Sea, and discuss the relative importance of top-down and bottom-up control in 2 well-studied regions of the North Sea (Shetland and east Scotland), and how this influences patterns at the ecosystem level. We also provide suggestions as to how researchers may reach firmer conclusions on regulation of marine ecosystems, and how knowledge about ecosystem regulation can play a part in sustainable management of marine bioresources. The approach we take here reflects our perspective as vertebrate ecologists with particular interest in seabirds. We hope that this paper will generate debate about how the abundance of a key mid-trophic species is controlled, and the implications this has for research and management.
SANDEEL AND HERRING BIOLOGY
Sandeels and herring are both small to mediumsized, high-lipid, schooling pelagic fishes feeding mainly on zooplankton, and both can be extremely numerous in temperate seas around NW Europe (Muus et al. 1999) . Nevertheless, there are several fundamental differences between them. Herring are larger than sandeels, and they feed on sandeel larvae as well as on zooplankton (Last 1989) , whereas sandeels feed largely on copepods (Reay 1986 ). While herring are pelagic throughout their lives, sandeels have a more complex life cycle. The adults spend most of the year buried in sandy sediments, and only emerge to feed during daylight hours in late spring and early summer, and briefly to spawn in mid-winter. The pelagic larvae hatch in early spring, and after metamorphosis around May the young 0-group fish establish a diurnal rhythm similar to that of the adults. They continue feeding until late summer. Sandeels are dependent on specific types of sandy sediments, and adults only occur in areas where such sediments are common (Wright et al. 2000) . As a consequence, sandeels show pronounced population structuring within the North Sea (Pedersen et al. 1999) , whereas the more nomadic herring belong to one large stock, the North Sea autumnspawning herring. Young herring predominantly develop in the southern and eastern North Sea, whereas adults concentrate in the northwest around Shetland for much of the year (ICES 2005) . There is some evidence that the distribution of adult herring has shifted northward in recent years, consistent with both increasing sea temperatures and a northward shift in the copepod Calanus finmarchicus, an important prey item (Corten 2001) . Both sandeels and herring have been heavily exploited by human fisheries, but in very different ways. Herring have for centuries been one of the most important fishes for human consumption in Europe, whereas sandeels have only been caught in large quantities since the development of 'industrial' fisheries for fishmeal and oil in the 1950s. During most of this period, the sandeel fishery has been concentrated on offshore banks in the central North Sea, outside the foraging range of most breeding seabirds. However, from 1990 a large sandeel fishery (up to 100 000 t yr -1 ) developed in the Wee Bankie area off SE Scotland; this fishery was closed in 2000 after concern about the low breeding success of some seabirds (Camphuysen 2005 ). In contrast, sandeel fisheries around Shetland have always been relatively small-scale, and following local seabird breeding failures in the late 1980s closures and voluntary restrictions were implemented (P. Wright unpubl.).
SANDEELS, HERRING AND SEABIRDS AROUND SHETLAND
Sandeels comprise the only common high-lipid schooling fish around Shetland, and the breeding success of most species of seabirds is closely related to sandeel abundance (Hamer et al. 1993 , Davis et al. 2005 ). This dependence is clearly illustrated by data on the breeding success of Arctic skuas Stercorarius parasiticus and black-legged kittiwakes Rissa tridactyla on the island of Foula (Fig. 1) . The total stock biomass of sandeels around Shetland declined at the same time as the spawning stock biomass (SSB) of herring in the North Sea increased, and both showed large deviations from the long-term trends during the 1990s (Fig. 2) . The comparison between sandeel biomass around Shetland and herring biomass in the whole North Sea is justified by the fact that a large proportion of the North Sea adult herring stock is concentrated around Shetland, particularly in summer and in recent years (Corten 2001 , ICES 2005 . Such a mirror-image pattern may indicate a top-down effect of herring predation on sandeel biomass (Cury et al. 2001 ; available at: ftp.fao.org/fi/document/reykjavik/Default.htm). It has long been known that sandeel larvae form an 
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. + − TSB important part of herring diet in spring (Hardy 1924 , Last 1989 . At the same time, herring are generalist predators, and it is unlikely that bottom-up effects of the abundance of one particular prey species, such as sandeels, would be an important determinant of herring stock size. Herring predation has previously been shown to affect stocks of another small pelagic, the capelin Mallotus villosus in the Barents Sea (Gjøsaeter & Bogstad 1998 [1989] found that 23% of North Sea herring diet in May was post-larval sandeels), this would imply a consumption of 900 000 t of sandeels by mature herring in 2004, predominantly in the NW North Sea. Other factors are also known to influence the abundance of Shetland sandeels. The extremely low sandeel biomass in 1987 to 1990, and by implication the seabird breeding failures observed during these years (Hamer et al. 1993 , this study), has been attributed to few sandeel larvae drifting in from spawning grounds around Orkney due to failure of the Fair Isle current (Proctor et al. 1998) . It is unclear whether similar oceanographic events have played a role in the recent lack of sandeels. Human fisheries are unlikely to have had a major impact on Shetland sandeels in recent years. The Shetland fishery was never large (< 7000 t in 1980s); it was closed from 1990 to 1995, and in most years since 1995 the annual catch has been less than 3000 t, at least 2 orders of magnitude less than the probable consumption of sandeels by herring.
SANDEELS, PLANKTON AND SEABIRDS OFF EAST SCOTLAND
Further south in the North Sea, off SE Scotland and NE England, sandeels are also the main prey of most seabird species (Wanless et al. 1998) . Sandeels in this area constitute a self-contained aggregation with only limited contact with other aggregations (Gallego et al. 2004) ; this is reflected in black-legged kittiwake breeding success, which is correlated among colonies in this region, but not with other regions (Frederiksen et al. 2005) . In contrast to Shetland, other fish prey is also available, and in particular young clupeids (mainly sprat Sprattus sprattus) are taken in some years by seabirds (Bull et al. 2004 . However, few adult herring occur in this part of the North Sea (ICES 2005) . There are no long-term data on sandeel abundance in this area, but during the 1990s local sandeel biomass was reduced by an industrial fishery, and this was associated with low breeding success of black-legged kittiwakes on the Isle of May in the Firth of Forth (Rindorf et al. 2000) . Sandeel abundance and black-legged kittiwake breeding success increased following the closure of the fishery in 2000, but a similar effect was not seen for other seabird species (Daunt et al. unpubl. data) . Recently, we used 'Continuous Plankton Recorder' (CPR) data to develop an index of abundance of sandeel larvae, and this index was positively correlated with the breeding success of 4 seabird species in the following year, suggesting a dependence on 1 yr old sandeels (Frederiksen et al. 2006 ). The sandeel larval index was also strongly positively related to the abundance of phyto-and zooplankton, suggesting strong bottom-up control (Frederiksen et al. 2006) . The index tended to be low during the 1990s, but whether this was related to the sandeel fishery is not clear. (Cook 2004 and pers. comm.) both sandeels and sprat fed to seabird chicks in 2004 was extremely low, indicating poor food availability for the fish . There is thus evidence suggesting that both abundance and quality of seabird prey is under bottom-up control in this region, which is likely to have affected seabird breeding success. A large-scale industrial fishery probably reduced sandeel abundance and consequently breeding success of some seabird species during the 1990s in this region (Rindorf et al. 2000 , Frederiksen et al. 2004 , but this fishery has been closed since 2000. Since much of the fishery effort was displaced just outside the closed area, the spatial overlap with seabird foraging areas was strongly reduced (Daunt et al. unpubl. data) , and the fishery is unlikely to have affected sandeel availability to seabirds in 2004.
TOP-DOWN AND BOTTOM-UP CONTROL AT THE NORTH SEA ECOSYSTEM LEVEL
Sandeel spawning stocks mainly consist of 2 yr old fish (ICES 2002) , and are thus expected to be influenced by the strength of recruitment with a 2 yr lag. VPA estimates of sandeel SSB in the North Sea for 1983 (ICES 2004 were negatively correlated with herring SSB 2 yr previously (r = -0.54, p = 0.0099), indicating the possibility of top-down control of larval abundance. Our tentative estimate that herring may have consumed at least 900 000 t of sandeels in 2004 is consistent with this. There was no correlation between North Sea sandeel SSB and the CPR-based index of sandeel larval biomass off east Scotland 2 yr previously (r = -0.10, p = 0.67). This lack of correlation may reflect differences in the spatial scale of the variables: the larval index is specific to 1 sandeel aggregation off east Scotland (Frederiksen et al. 2005) , whereas the SSB estimates fail to account for population structure within the North Sea (Pedersen et al. 1999 ) and may be primarily determined by conditions on the main fishing grounds in the central North Sea. This emphasises that different processes may regulate sandeel abundance in different parts of the North Sea.
Ecosystem control of the North Sea food web is likely to be complex, although less complex than in the past (Pauly & Maclean 2003) . To illustrate this complexity, we focus on the relationships between sandeels and herring, their prey and human fisheries (Fig. 3) . The proximate cause of the low sandeel abundance and fishery landings in 2003 to 2005 seems to have been recruitment failures (ICES 2006) , but these failures could have been driven by either top-down or bottomup processes. It is not clear whether fisheries have depressed sandeel abundance in the wider North Sea: estimated stock size was stable despite high landings for more than 20 yr, and landings constituted only a minor fraction of the total consumption of sandeels (Furness 2002) . Nevertheless, depletion by fisheries may have been important on a local scale, such as off SE Scotland (Rindorf et al. 2000) . While there is some evidence of a top-down effect of herring on sandeels, herring abundance may itself be influenced by several factors, including top-down, bottom-up and direct climatic effects. Human fisheries have exerted a strong top-down control on herring stocks, which were reduced to a fraction of their previous abundance (e.g. Jennings et al. 2001 ), but have recovered following fishery restrictions. It seems likely that plankton abundance will affect both growth and survival of herring larvae and recruitment to the spawning stock (Jennings et al. 2001 , Beaugrand 2004 , as well as the distribution of adults (Corten 2001) . Climate may also affect herring directly: for the Norwegian spring- (Frederiksen et al. 2006) ; 3: bottom-up control of seabird breeding success by sandeels (Hamer et al. 1993 , Frederiksen et al. 2006 , this study); 4: topdown control of zooplankton by herring predation (Arrhenius 1997) ; 5: bottom-up control of herring by zooplankton (Corten 2001 , Beaugrand 2004 ; 6: top-down control of sandeels by herring predation (this study); 7: top-down control of herring by human fisheries (Jennings et al. 2001) ; 8: local top-down control of sandeels by human fisheries (Rindorf et al. 2000) ; 9: climatic control of herring recruitment (Saetre et al. 2002) ; 10 and 11: climatic control of phyto-and zooplankton (Edwards & Richardson 2004 , Hays et al. 2005 ; 12: climatic control of sandeel recruitment (not known if direct) (Arnott & Ruxton 2002) spawning herring stock, recruitment is affected by oceanographic conditions determining retention and drift of larvae (Saetre et al. 2002) . It is also possible that herring exert top-down control of zooplankton abundance in the North Sea, as has been observed in the Baltic Sea (Arrhenius 1997) and inferred in the Norwegian Sea (Dommasnes et al. 2004) . The abundance and phenology of both phyto-and zooplankton are strongly influenced by climatic factors (Edwards & Richardson 2004 , Richardson & Schoeman 2004 , and zooplankton abundance during critical periods would be expected to have a strong impact on sandeel growth and survival (Frederiksen et al. 2006) . Fig. 3 only shows a very simplified picture of potential trophic and climatic controls in this system; a full understanding would need to include (at least) the effects of other predatory fishes (e.g. mackerel Scomber scombrus and cod Gadus morhua), the abundance of which has been severely reduced in the North Sea by overfishing (Jennings et al. 2001 , Jennings & Blanchard 2004 , probably contributing to an earlier increase in sandeel abundance through release from a major top-down pressure (Sherman et al. 1981) . In summary, the available evidence suggests that there is substantial spatiotemporal variation in the relative importance of food availability, natural predation and fisheries for the regulation of sandeel abundance in the North Sea, and that top-down and bottom-up mechanisms may have simultaneous direct, indirect and interactive effects. Historical overfishing of predatory fishes such as cod may have led to a system dominated by bottom-up control (cf. Pauly & Maclean 2003 , Halpern et al. 2006 , but the recent increases in herring stocks may have reintroduced top-down predation pressure as an important driver of sandeel abundance, at least in some regions. Concluding that climate change was directly responsible for the seabird breeding failures in 2004 may thus be premature.
IMPLICATIONS FOR RESEARCH
Many marine ecosystems are driven by pronounced variation in the physical environment, such as the extent of sea ice , upwelling or major circulation systems like the El Niño Southern Oscillation. In productive temperate shelf systems like the North Sea, effects of physical and climatic drivers are more subtle and difficult to document, although not necessarily less important. Detailed studies of potential drivers are thus needed to understand the dynamics of such systems. It is likely that top-down and bottom-up processes operate simultaneously and interact in the North Sea, with top-down processes potentially being more important at some times and in some areas (such as around Shetland in recent years) than in others (cf. Hunt & McKinnell 2006) . So how can researchers get closer to understanding when and where each type of control dominates? Controlled experiments are impossible in the open sea, and while ecosystem models may be useful, they generally rely on user-specified assumptions about dominant controls in the system and thus have limited ability to distinguish between top-down and bottom-up dominated systems. We believe that careful statistical analysis of multiple longterm data sets covering several trophic layers is the best way forward. Answering critically important questions will often require combining data from several different sources and using complex analytical methods such as multivariate statistics or hierarchical models in a Bayesian framework (Clark 2005) . Much progress has been made along these lines in other marine ecosystems recently, such as the Bering Sea , Macklin et al. 2002 , the Baltic Sea (Bakun 2006 (Bakun , Österblom et al. 2006 , the Benguela Current (Cury & Shannon 2004) , the East Scotian Shelf ) and the Barents Sea (Hjermann 2004 ). In the North Sea, long-term data on many species from all trophic levels exist, although they are held by many different academic and fishery-sector organisations in several countries. This fragmentation of the scientific community and related issues such as data ownership have delayed the development of an integrative research agenda, although recent short-term networks funded by (e.g.) the European Commission have started the process of integration. The challenge for marine scientists working in the North Sea, and for national and trans-national agencies funding marine research, is to create a permanent joined-up network that will allow effective collaboration across the range of very diverse organisations involved in ecosystem research. A priority issue should be to quantify regional variation at all trophic levels, and for main environmental and anthropogenic drivers. Only through such collaboration can we hope to understand and predict the impacts of fisheries and climate change on this important marine ecosystem , Heath 2005 , Boyd et al. 2006 .
IMPLICATIONS FOR FISHERIES MANAGEMENT
In recent years, fisheries management in many parts of the world has started to shift from a traditional single-stock approach, exemplified by the EU Common Fisheries Policy, towards ecosystem-based resource management (Browman & Stergiou 2004 , Barange 2005 . The main driver for this shift has been the realisation that fisheries impact not only their tar-get species, but also other components of the ecosystem. In order to implement such an approach, it is necessary to understand how extraction of one resource (a top-down pressure at a specific trophic level) affects other species. Predicting such indirect effects requires ecosystem models, such as 'Ecopath with Ecosim' (Christensen & Walters 2004) or 'ISIS-Fish' (Mahévas & Pelletier 2004) , which allow users to specify trophic relationships among species in detail. As in all modelling exercises, the reliability of the predictions is dependent on the quality of input data and the robustness of the assumptions made in setting up the model. Specifically, erroneous specification of the balance of top-down and bottom-up control in a given predator-prey relationship can lead to misleading predictions (Christensen & Walters 2004) . It is therefore critically important for sustainable management of marine bioresources to understand temporal, spatial and within-system variation in the importance of the 2 basic types of control. We recommend that fisheries modellers and managers examine the sensitivity of model outputs to assumptions about top-down or bottom-up control of key trophic links, such as the herring-sandeel relationship in the North Sea. Closer collaboration between the academic and fisheries research communities will be required to achieve these aims (Barange 2005) .
